Abstract: The main techniques which have been used to study skin microcirculation in patients with peripheral arterial occlusive disease include intravital microscopy with and without the use of fluorescent dyes, laser Doppler fluxmetry and transcutaneous oximetry.
Introduction
Arteries and arterioles distribute oxygenated blood to the microcirculation, where exchange of gases, solutes and macromolecules takes place. Flow and pressure in large vessels have been explored for decades, but microvascular dynamics have only recently become available for in vivo studies in health and disease.
Three microvascular techniques providing complementary findings are now used in healthy controls and patients with arterial occlusive disease. Intravital capillaroscopy is the only method by which the superficial skin capillaries can be directly visualized.' The use of videomicroscopy systems permits measurement of capillary flow speed."? Intravenous injection of fluorescent dyes allows the analysis of microvascular flow distribution, preferential sites of dye leakage and transcapillary diffusion of the small solute sodium fluorescein.t-t- ' Laser Doppler fluxmetry is suited to evaluate skin flow in small skin areas. The technique is most valuable for assessing flux changes induced by arteriolar vasomotion, postocclusive reactive hyperaemia and orthostasis. In contrast to laser Doppler fluxmetry which mainly samples information from deeper skin microcirculation, the measurement of transcutaneous oxygen tension (tcpOz) reflects mainly what happens in the superficial nutritive capillaries.?" tcpOz at skin temperatures of 43-44°C is now widely used for characterizing skin ischaemia. Newly designed combined probes allow the possibility to apply the three methods simultaneously to the study of skin microcirculation and at almost identical sites."
In this overview, our actual knowledge about the complex microvascular dynamics in patients with peripheral arterial occlusive disease (PAOD) is presented. After describing the findings obtained by each method a synthesis is made in the light of potential approaches for the study of clinical pharmacology.
Intravital microscopy with and without fluorescent dyes
The superficial capillaries of the skin are identified by conventional capillaroscopy," because red cells provide high optical contrast. At the nailfold of fingers or toes the loops run parallel to the SKin surface; at other sites they mostly appear as dots (apex 'of the loops).
Fagrell and Lundberg'? have described three stages of microvascular involvement in patients with peripheral ischaemia. In stage A the capillaries are well visible and filled with blood; in stage B the capillaries are hazy and often surrounded by haemorrhages, and in stage C only a few or no blood-filled capillaries can be visualized. It should be noted that capillaroscopy must be performed in the sitting position and in the skin region where ischaemic changes are suspected ('mapping'). These stages allow prediction of the development of ischaemic ulceration which is far superior to systolic pressures of ankle or toe arteries. 10 When capillaroscopic stage C is diagnosed in a skin region such as the toes or on the foot dorsum, ulceration will develop in 95% of the patients within a mean follow-up period of 3 months.
A reduced number of perfused skin capillaries is a characteristic finding in patients with rest pain and ulcer- 
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ation, but is increased in dependency." The median capillary density is 8 per mm? in the supine position and 34 per mnf in the sitting position (p < 0.05) when patients with severe skin ischaemia are considered. II In patients with intermittent claudication the difference in capillary numbers between the two positions was also significant, but evolved on a much higher level. Capillary recruitment in the orthostatic position seems to be a main factor for the well-known observation that patients with severe leg ischaemia prefer leg dependency. Capillary density also increases significantly during postocclusive reactive hyperaemia.17 Homogeneity of microvascular perfusion can be analysed using the intravital dye sodium fluorescein.'? At the foot dorsum all the capillaries within a field of observation fill sty (PTA), microvascular flow distribution normalized with reversal of ischaemia. I Transcapillary diffusion of sodium fluorescein is enhanced in patients with severe ischaemia.v-P The fluorescent tracer circulates mainly in free form in the plasma and leaves the intravascular compartment physiologically. Accumulation of the dye in the interstitial space quantitated by videodensitometry is more pronounced in the skin of ischaemic feet than in normal feet. Immediately after successful PTA, transcapillary diffusion further increases in ischaemic skin-a finding which probably corresponds to postischaemic oedema formation. Only I month later does transcapillary diffusion of sodium fluorescein return to normal levels. J In ischaemic skin regions, the so-called 'candlelight phenomenon' may be detected. Preferential sites of dye leakage (sodium fluorescein) at the top of somẽ apillary loops are visualized ( Figure 2 ). As expected, there IS no detectable transcapillary diffusion of sodium fluor- 
Capillary flow velocity and laser Doppler flux
Resting skin flux as measured by the laser Doppler technique mainly consists of thermoregulatory shunt flow. Flux at rest is normal in most patients with PAODI3-16 or may even be increased.!? Capillary blood flow velocity mainly corresponds to nutritive skin flow, and is also not decreased in patients with PAOD.1 However, the relation between capillary flow rate and laser flux changes significantly in patients with skin ischaemia, in terms of favouring nonnutritive shunt flow." In critical ischaemia, both laser Doppler flux" and capillary flow velocity" are reduced.
Oxygen inhalation provokes peripheral vasoconstriction in healthy controls, but may induce augmentation of flow rate and flux in severely ischaemic areas. 18 Diabetics, even with associated PAOD, exhibit increased skin flux.
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Reactive hyperaemia after arterial occlusion evaluated by dynamic capillaroscopy and by the laser Doppler technique is delayed and decreased in magnitude depending on the severity of the ischaemia.1s.16.2o,21 This has been demonstrated by other methods such as venous occlusion plethysmography. In patients with intermittent claudication, reactive hyperaemia of the skin may only be slightly impaired. A total lack of reactive hyperaemia is typical of critical ischaemia. 14 In healthy subjects, the response of skin flux to dependency consists of a pronounced decrease corresponding to vasoconstriction.P'F The orthostatic reaction is ascribed to Vascular Medicine 1996; 1: 50--54 the so-called venoarteriolar reflex. This physiological response is impaired or even abolished in patients with PAOD.22It should be realized that postural vasoconstriction is also impaired in long-term diabetes even without associated PAOD. 19 Spontaneous changes in skin flux have recently been analysed in various studies.3.9.1s.23-25 High-frequency waves with a mean frequency of about 18 cycles/min are correlated to respiratory action." Due to a decreased arteriovenous pressure gradient they occur with increased prevalence in patients with PAOD 3.14.ls and are again reduced in prevalence after successful peripheral transluminal angioplasty."
Low-frequency waves < 10 cycles/min are observed in two different patterns (Figure 3 ). An aperiodic pattern is characteristic for normal subjects, indicating the influence of various mechanisms controlling skin flow. There is broad evidence that the periodic pattern of low-frequency waves is the result of arteriolar vasomotion which predominantly modulates skin flOW. 1S.26 Since this type of pattern is observed with increased prevalence in patients with marginally compensated PAOD, it is suggested that the phenomenon plays a role in the pathophysiology of advanced PAOD.ls.2s. 27.28 In most severe ischaemia, vasoparalysis without any spontaneous flux changes prevails. 14
Transcutaneous oxygen tension (tcp02)
In contrast to laser Doppler flux, measurement of tcP02 yields mainly information about nutritive skin perfusion. At a probe temperature of 37°C the tcP02 is low, but offers a possibility to study the effects of drugs on the microcirculation 6,29 or to evaluate reactive hyperaemia after circulatory arrest.v" Measurements performed at probe temperatures between 43°C and 45°C are used for assessing skin ischaemia in defined regions of the skin. In normals, mean tcP02 varies between 50 and 60 mmHg (range 35-75 mmHg). In most severe ischaemia, tcP02 is below 5 mmHg and does not increase substantially after oxygen inhalation.Pr" The sensitivity for predicting amputation wound healing was 97%, and the specificity 100%, when the cut-off point for prediction of healing was defined as
The results of tcP02 measurements for confirming critical ischaemia and for selecting an appropriate amputation level are especially important in diabetics, in whom systolic pressure measurements are often unreliable because of media calcinosis.S" On the other hand, marked oedema formation may impede oxygen diffusion through the skin and limit the diagnostic value of tCP02 measurement.
Synthesis and application for control of therapy
The most important microvascular finding in severe ischaemia is the reduced number of skin capillary loops perfused by blood. values are at identical sites. It is likely that the same rule applies to severe ischaemia, where tcP02 and perfused capillary number are reduced in a given skin area. A major goal of pharmacotherapy consists of increasing the number of blood-filled skin capillaries in ischaemic skin. Fagrell et al 3 1 have demonstrated such an effect for intravenous infusion of prostaglandin E I in patients with critical leg ischaemia. There was good agreement between the disappearance of rest pain and the increased number of blood-filled capillaries. It is noteworthy that no change of systolic pressure at the big toe was measured in the patients with an improved microcirculation. Capillary density also increases significantly after spinal cord stimulation, whereas the ankle/arm pressure ratio remains unchanged.'? Because of the linear correlation between capillary density and tcP02' it is not surprising that tcP02 values reflect the nutritive function of the superficial capillary loops as well. Creutzig et aJ29 documented a significant increase in tcP 02 at 44°C during and after intravenous prostaglandin E 1 infusions.
Other parameters may be used for control of therapy. They include microvascular flow distribution, enhanced transcapillary diffusion of sodium fluorescein, shift. of pathological flux motion to normal patterns, augmentation of reduced peak flux, and decrease of time to peak flux.
Blood flow velocity at the nail fold may be accelerated by nifedipine."
After successful peripheral transluminal angioplasty of large arteries supplying the leg, inhomogeneous filling of the capillary bed at the foot dorsum may be reversed. 1. 5 Transcapillary diffusion of sodium fluorescein is still more enhanced just after reopening of proximal stenosis or occlusions, which coincides with a tendency to postischaemic oedema formation, but is normalized I month later. For the same reason, improvement of tcP02 is delayed." Moreover, the flux motion pattern is favourably influenced by successful balloon catheter treatment. The prevalence of high-frequency waves decreases significantly after the procedure." Reactive hyperaemia improves after successful catheter therapy. The effect of drugs on reactive hyperaemia, however, has not yet been evaluated.
Because laser Doppler fluxmetry samples information mainly from the non-nutritive skin circulation, the values obtained by this technique do not correlate with the degree of skin ischaemia at rest. Provocation manoeuvres are essential. Monitoring of dynamic features is facilitated by t~e excell.ent time resolution of laser Dopplers. Postocclusive reactive hyperaemia and flux motion patterns are easily assessed and contribute to define the complex dynamics of skin microcirculation. Combined probes? now offer a means of evaluating the complementary information provided by the different techniques simultaneously and at almost identical skin sites.
